Abstract: Sialosides of glycoprotein and glycolipid carbohydrate groups are well documented to play important roles in biological recognition. This class of oligosaccharides also poses unique challenges to the synthetic chemist. Accordingly, the synthesis of natural sialosides and related analogs has been the subject of intense investigations over the last decade. Advances in both chemical and enzymatic approaches to the synthesis of sialosides have lead to increasingly practical synthetic strategies. Recent progress is summarized in this report with emphasis on the strategies for the use of sialyltransferases in enzymatic sial ylation.
Much attention has focused on the newly described selectin family of adhesion molecules which mediate recruitment of white blood cells to sites of inflammation and tissue injury in view of the potential for therapeutic relevance to treatment of these diseases. Two of these selectins, E-selectin and P-selectin are expressed on vascular endothelial cells (and on platelets for P-selectin) and mediate the initial attachment of leukocytes by binding sialyl-Lewis X containing glycoconjugates (Ref.4, 5) .
Advances in both the chemical and enzymatic approaches to synthesis of these compounds has provided systematic and reliable routes for the production of small quantities of many complex sialosides. The pace of progress suggests that practical and economic synthesis of targeted sialoside structures will be achieved in the foreseeable future. It is our expectation that the practical synthesis of many sialosides (and other oligosaccharides) will blend chemical and enzymatic steps to afford the most efficient synthetic routes. A summary of the status of sialoside synthesis with strategies for combining chemical and enzymatic methodologies is presented below. It should also be apparent that the principles described for the use of sialyltransferases in synthesis of sialosides applies generally to the use of glycosyltransferases for carbohydrate synthesis. 
PROGRESS IN CHEMICAL SYNTHESIS OF SIALOSIDES
Formation of the glycosidic bond of the 2-keto sugar N-acetylneuraminic acid (sialic acid) is still considered one of the most fundamental problems in synthetic carbohydrate chemistry (Ref. 10,ll). Compared to formation of the typical hexopyranoside, the formation of sialic acid glycoside is hindered electronically as well as sterically by the presence of the geminal carboxylate group. Moreover, the lack of a functional group at the 3-carbon excludes the use of neighboring group participation for stereochemical control. In addition, the a configuration of the glycosidic linkage of natural sialoside is thermodynamically less favored with respect to the anomeric effect.
For these reasons, early attempts utilizing peracetylated chloride l a or bromide l b were satisfactory only for reactive glycosyl acceptor substrates (Ref. 12) and, once applied to relatively hindered alcohols to produce sialoside like 2 (Fig. l) , this method resulted in low yields and lithe stereochemical preference for the desired a-isomer (Ref. 13, 14 This reaction seems to be the most powerful with respect to yield and the selectivity for formation of the a glycoside bond. The trisaccharide G (Fig. 1 However, the overall efficiency starting from sialic acid is not optimal because the preparation of the sialic acid donor 5 takes multiple steps and the C-3 substituent must be removed later. As described above, these basic sialic acid donors have been used in synthetic strategies for the synthesis of more complex sialosides. Examples of several complex sialosides that have been synthesized successfully are given in Table 2 .
PROGRESS IN ENZYMATIC SYNTHESIS OF SIALOSIDES
Sialyltransferase family. Sialyltransferases carry out the addition of sialic acid to growing oligosaccharides during the natural biosynthesis of glycoproteins and glycolipids following the general reaction I with CMP-NeuAc as the activated glycosyl donor. These enzymes have high
specificity for their acceptor substrate (typically a terminal disaccharide sequence is recognized) and transfer with strict stereochemical and linkage specificity. As a consequence of this specificity, 10-12 enzymes are believed to be required to synthesize all known natural sialosides (Ref. 47 ). Four of the enzymes capable of forming several of the common linkages found in natural sialic acid containing glycoconjugates have been purified to homogeneity (Ref. [47] [48] [49] . Addressing the limitations in enzymatic glycosylation. Potential limitations in the use of sialyltransferases for practical large scale synthesis were immediately recognized; 1) limited availability of the enzymes purified from tissues, 2) the necessity of synthesizing the activated donor substrate CMP-NeuAc and 3) the strict specificity of the enzymes restricting their versatility for synthesis of analogs of natural sialosides. Contributions from several laboratories have helped eliminate or minimize each of these limitations.
The problem of limiting enzymes has been attacked by efforts to clone the cDNAs of each sialyltransferase and express them as recombinant proteins. The cDNAs for three of the sialyltransferases listed in Table 3 (all but the ,74-76) have been examined by a number of laboratories to assess their adaptability for synthesis of analogs of the oligosaccharides they produce in nature. The central finding is that the enzymes typically have high selectivity for the spectrum of substrates found in nature, but exhibit surprising flexibility for unnatural analogs of their substrates. While key hydroxyl groups are essential for the substrates to be recognized by the enzymes, non-essential positions can be analogued and used as glycosyltransferase substrates to yield novel structures not found in nature. For the sialyltransferases this has been demonstrated for acceptor substrates (Ref. 52, 75) and for the donor substrate CMP-NeuAc (Ref. 76, 77 ). These studies demonstrate that sialyltransferases can be used to make analogs of natural sialosides within the limitations of their acceptor specificity. We have used this principle in exploring the use of sialyltransferases to prepare sialoside glycosyl donors for a general approach to the block synthesis of more complex sialosides.
UTILITY OF SIALYLTRANSFERASES FOR PREPARATION OF OLIGOSACCHARIDE GLYCOSYL DONORS
For synthesis of complex oligosaccharides the generally accepted strategy is to use a retrosynthetic approach involving the assembly of suitable oligosaccharide glycosyl donors and acceptors which can be joined to make larger structures (Ref.78) . This typically simplifies the problem of evolving independent synthetic strategies to synthesize a series of related compounds since the protected oligosaccharide blocks can often be used for synthesis of multiple compounds. Although synthesis of sialic acid containing glycosyl donors has become increasingly efficient, the overall yield starting from sialic acid is typically 15-20% due to the additional steps of protection of the sialic acid and the excess of the sialic acid glycosyl donor required to achieve efficient glycosylation of the glycosyl acceptor. For this reason it was of interest to develop an efficient synthesis of sialoside glycosyl donors using a combined chemical and enzymatic approach.
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In order for a combined chemical and enzymatic synthesis strategy to be practical, several conditions must be met. Since the products can be considered 'bulk' intermediates, the enzymatic sialylation must be doable in a large scale with reasonable economy. This problem is now solved in principle, through developments of recombinant enzyme production and the CMP-NeuAc cycle (see above). It is also necessary that the specificity of the sialyltransferases are broad enough to tolerate some minor modifications of substrates so that the products can be efficiently converted to suitable glycosyl donors. Especially important is C-2 of the reducing terminal residue since the stereoselectivity and efficiency of chemical glycosylation is highly dependent on suitable substituents (or protecting groups) at this position. Finally, once enzymatic sialylation is complete, the product must be efficiently protected by blocking groups and converted to an activated glycosyl donor.
To address the question of the sialyltransferases utilizing appropriate acceptor substrates a variety of synthetic disaccharides were investigated as substrates for the GalP 1,3/4GlcNAc a2,3 sialyltransferase (Equation 11) and the GalPl,3GalNAc a2,3 sialyltransferase (Equation 111). In addition to the natural substrates of these two enzymes (7a and 9a, respectively), analogs with substitutions at the C-2 positions were all found to be effective substrates (7b-e and 9b,c, respectively). The 2-0-pivaloyl derivative 7e was especially interesting since it was actually a much better acceptor (lower Km and higher Vmax) than the parent compound lactose (7f). In addition, the pivaloyl substitution at C-2 is known to have particular value in improving the efficiency and stereochemical selectivity of glycosylation reactions. with selectivity for a P (1,2-trans) product while a 2-azido derivative can be used for both a(1,2-cis) and P-glycoside synthesis depending on the nature of leaving groups and reaction conditions (Ref. 81, 82) . Therefore, judicious use of the corresponding sialoside products is expected to give an access to various natural sialosides such as ganglioside GDla and 0-linked oligosaccharides of glycoproteins (e.g., NeuAca2,3Galp 1,3GalNAcaThr/Ser).
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In order to utilize these sialyltransferase products as glycosyl donors, protection of hydroxyl groups followed by selective deblocking and activation of the anomeric position are required. Preliminary efforts suggest that this can be accomplished in an efficient manner as indicated in Equation IV. Thus, it is anticipated that a combined chemical and enzymatic synthesis of sialic acid containing oligosaccharide glycosyl donors may represent a viable strategy for synthesis of complex sialosides. Indeed, compound 11 has been successfully used in the synthesis of ganglioside GM3 (NeuAca2,3Galp 1,4Glcp-ceramide) with an overall yield of 40% starting from free NeuAc (Y. Ito and J. C. Paulson, in preparation).
SUMMARY AND PERSPECTIVE
As presented above there have been rapid advances in development of both chemical and enzymatic methods of glycosylation, with each method offering certain advantages while posing certain limitations. Increasing applications of a combined chemical and enzymatic approach to the synthesis of sialosides and other oligosaccharides offers the opportunity to explore the most efficient use of the diverse methodologies now available to the synthetic chemist. Through such pioneering efforts it is likely that highly practical large scale synthesis of complex carbohydrates be achieved. will 1.
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